Ammannia baccifera is an important component of various Chinese herbal formulations for which a rapid, simple, sensitive, gradient and reproducible reversed-phase high-performance liquid chromatographic method has been developed for the quantitative estimation of its bioactive constituents, 4-hydroxy-a-tetralone (4H), tetralone-4-O-b-D-glucopyranoside (T4) and ellagic acid (EA). The chromatographic separation of samples was performed on a Chromatopak Peerless C18 (250 3 4.6 mm i.d., 5 mm) column by gradient elution with 0.1% trifluoroacetic acid in water and methanol at a flow rate of 0.6 mL/min, a column temperature at 258 8 8 8 8C and ultraviolet detection at l 254 nm. The limit of detection (LOD) and limit of quantification (LOQ) were 1.51 and 5.06 mg/mL for EA, 0.70 and 2.33 mg/ mL for T4 and 0.22 and 0.73 mg/mL for 4H, respectively. Good results were achieved with respect to linearity (r 2 > 0.999), repeatability (relative standard deviation 1.73%) and recovery (99.06-100.76%). The method was validated for linearity, accuracy, repeatability, LOQ and LOD. The method is simple, accurate and precise and was successfully applied to the analysis of these three analytes in five different leaf and root samples of A. baccifera; the method may be recommended for routine quality control analysis of various Chinese herbal formulations containing A. baccifera.
Introduction
Ammannia baccifera (Linn.) is widely used in traditional Chinese herbal formulations for treating human female infertility (1), gastroenteropathy (2) , spinal disease (3), hemorrhoids (4), urethritis (5) , common cold (6), abscess, sore, itching and other skin diseases (7, 8) . It has been reported to possess anticancer, antirheumatic, antidiuretic, antipyretic, antisteroidogenic, antimicrobial and rubefacient activities (9) . Recently, the ethanolic extract of A. baccifera has shown antiurolithic activity in male albino rats, by reducing formation of stones, primarily of magnesium ammonium phosphate with traces of calcium oxalate, and also dissolving pre-formed stones (10) . A. baccifera belongs to the family Lythraceae and is commonly called "blistering Ammannia," "monarch red stem," "acrid weed" and "Bhatjambol." In Hindi, it is called "agni-buti," "ban mirich" and "jaungali mehndi." In India, it is commonly found in marshy places and paddy fields. The plants are erect and branched, and are annual herbs, growing up to 60 cm in height. Few reports have described the isolation of 4-hydroxy-a-tetralone (4H), ellagic acid (EA), betulinic acid and lupeol from A. baccifera (11, 12) . EA widely occurs in its free form, as a glycoside or as ellagitannins in the fruits, nuts and berries of several plants. EA possesses potential health-promoting benefits and antioxidant, antimutagenic, anti-inflammatory, hepatoprotective, cardioprotective and antiplasmodial activities (13, 14) . Additionally, 4H has shown potent anti-tuberculosis (15) , anti-diabetic (16) and anti-leishmanial (17) activities. Recently, we isolated and characterized 4H and its glucoside [tetralone-4-O-b-D-glucopyranoside (T4)] from A. multiflora and reported the bioenhancing activity of 4H and its various semi-synthetic acyl derivatives (9) .
In view of the potential bioactive properties of these isolated compounds (4H, T4 and EA), they were used as a standard to develop a validated analytical procedure for the quality assurance of A. baccifera. To the best of our knowledge, there is no validated high-performance liquid chromatography (HPLC) method for the quantitative analysis of 4H and its glucoside (T4) and EA in A. baccifera; however, many efforts have been made to separate and quantify ellagic acid in various other plants (18, 19) . Hence, the objective of the present study was to optimize and develop a validated, rapid, sensitive and accurate reverse-phase HPLC method for the simultaneous determination and quantification of these bioactive molecules in the drug and herbal formulations containing A. baccifera. The present work is part of a series of efforts towards developing analytical methods (20, 21) for plant drug analysis.
Experimental

Plant material
The samples of A. baccifera were collected from five different districts of Uttar Pradesh, India in the month of October 
Isolation and characterization of reference compounds
The dried and pulverized roots (100 g) and aerial parts (600 g) of A. baccifera were separately extracted thrice with methanol (24 h each) at room temperature. The solvent was removed under reduced pressure, which afforded 13 and 80 g of methanolic extracts from the roots and aerial parts of A. baccifera, respectively. Because the thin-layer chromatography (TLC) profile of both the extracts was more or less the same, they were pooled together. The pooled methanolic extract (93 g) was then dissolved in distilled water and successively partitioned with hexane, chloroform, and n-BuOH. The combined fractions were separately distilled under vacuum, which afforded hexane (28.0 g), chloroform (1.2 g) and n-BuOH (8.3 g) fractions.
Because the chloroform extract contained a major compound, a portion (1.0 g) of it was subjected to column chromatography (silica gel 60-120 mesh, 18 g, column diameter 1 Â 31 cm). Gradient elution of the column was carried out with solvents of increasing polarity using hexane, chloroform and methanol. A total of 104 fractions of 50 mL each were collected and pooled on the basis of their TLC profile. Fractions 70 -92 eluted with hexane-chloroform (10:90 to 2:98) afforded 4H (380 mg). The butanol extract was a complex mixture; hence, 7 g of the extract was subjected to vacuum liquid chromatographic (VLC; 7.5 Â 7.5 cm) separation over silica gel H (100 g), and stepwise gradient elution with chloroform and methanol was performed. A total of 325 fractions, each of 50 mL, were collected and pooled on the basis of their TLC profile. Fractions 114 -123 eluted with chloroform-methanol (93:7) afforded T4 (13.0 mg), while fractions 315 -316 eluted with methanol afforded EA (8.2 g). Structures of isolated Compounds 4H, T4 and EA ( Figure 1) were deduced on the basis of their 1D and 2D nuclear magnetic resonance (NMR) spectroscopic data, and the values were in agreement with those reported in literature (14, 16, 17) .
4H (4-hydroxy-a-tetralone) yellowish amorphous solid. 
Sample preparation
The dried and powdered leaf and root samples (1 g) were separately extracted with methanol-water (8:2) on an ultrasonic bath (3 Â 25 mL, 30 min extraction time). The extracts were separately combined and solvent was removed under vacuum to dryness at 508C. The residues were separately redissolved in methanol -water-triethanolamine (90:9:1), centrifuged at 10,000 rpm for 10 min, filtered through a 0.45-mm Millipore membrane and quantitatively transferred into a volumetric flask, adjusted to a final volume (1 mL).
Chemicals and standards
All reagents and solvents used for extraction, isolation and chromatographic separation were either of analytical or HPLC grade (E. Merck Ltd., Mumbai, India), while the reference marker compounds 4H, its glucoside (T4) and EA were isolated in high purity (.95%), determined by HPLC coupled with photodiode array detection (PDA) analysis in our laboratory.
Apparatus and chromatographic conditions
A sonicator (Microclean 109, Oscar Ultrasonic, Mumbai, India) was used for sample preparation and degassing of HPLC mobile phases. The 300-MHz NMR (Avance, Bruker, Switzerland) was used to record 1 H and 13 C NMR with tetramethylsilane (TMS) as internal standard. The compounds were first visualized on TLC plates (silica gel 60F 254 , Merck) under ultraviolet (UV) illumination at 254 and 365 nm and then sprayed with vanillin-sulphuric acid (1:5, w/v) solution in ethanol, followed by heating at 958C for 5 min. HPLC analysis was performed on a Shimadzu LC-10AD liquid chromatograph equipped with an SPD-M10A VP diode array detector, an SIL-10ADVP autoinjector and CBM-10 interface module. Data were collected and analyzed using a class LC-10 Work Station. A Chromatopak Peerless C18 column (250 Â 4.6 mm i.d., 5 mm) was selected for HPLC analysis. The separation was achieved with a gradient program for pump A [0.1% trifluoroacetic acid (TFA) in water] and pump B (methanol) with a linear gradient elution as follows: 75% A (5 min), 75 -70% A (20 min), 70-75% A (25 min). The flow rate was 0.6 mL/min throughout the gradient run. Column temperature was maintained at 25 + 18C.
Preparation of standard solution
Standard stock solutions of 4H, its glucoside (T4) and EA were separately prepared at a concentration of 1.0 mg/mL in methanol. A serial dilution was made for each stock solution at concentrations of 3 -15 mg/mL by adding methanol and 20 mL of each was used for plotting the standard curve for 4H, T4 and EA. 
Results and Discussion
Method development: optimization of HPLC conditions HPLC with UV detection has commonly been employed in the analysis of secondary metabolites in plants. The signal for UV detection is a consequence of chromophoric groups and conjugation in the secondary metabolites. In the present study, method development was based on HPLC -PDA detection. Different types of columns and mobile phase compositions were carefully tested to determine the optimal chromatographic conditions. Better separation and peak resolutions were achieved with a reversed-phase Chromatopak Peerless C18 column (250 Â 4.6 mm i.d., 5 mm). As an organic modifier for mobile phase, methanol performed better than acetonitrile; hence, we tested methanol and water in different proportions, but the results were not satisfactory. Furthermore, when we used TFA in the concentration range of 0.1 -1.0% as an acid additive in water to improve peak symmetry and response, the results were good. Therefore, optimization of gradient elution was performed with different proportions of methanol and 0.1% TFA in water. A column temperature of 258C was required to obtain reproducible peaks, because a higher temperature caused poor peak resolution. The preceding series of investigations led us finally arrive at an optimal eluting condition for the simultaneous determination of bioactive compounds 4H, T4 and EA in A. baccifera root and aerial extracts. The results were good and reproducible in one-step gradient. The retention times were 7.3 + 0.04, 13.2 + 0.06 and 18.7 + 0.04 min for EA, T4 and 4H, respectively. To select the absorption wavelength for detection, UV spectra of the analytes and extract samples were acquired and overlaid. The best response was found at 254 nm for all three analytes.
Because the UV absorption maxima of all three analytes (4H, T4 and EA) was 254 nm, chromatograms for their quantitative analyses were recorded at 254 nm. Chromatograms of mixed standards and sample are shown in Figures 2A-C , and revealed good separation for most of the peaks. Chromatographic peaks were identified by comparing their retention times and UV absorption spectra with those acquired for standards analyzed under the same chromatographic conditions. A column performance report for A. baccifera plant extract is presented in Table I . As a measure of column performance, the numbers of theoretical plate counts (N) for EA, T4 and 4H were 5,365, 3,746 and 6,139, respectively.
Method validation
Method validation was performed on parameters such as linearity, limit of detection (LOD) and limit of quantification (LOQ), specificity, precision, accuracy, recovery and robustness, as per International Conference on Harmonization (22) guidelines. All data were evaluated using standard statistical packages for Windows and Graph Pad Prism 4.0 (Graph Pad Software Inc., La Jolla, CA).
System suitability test
System suitability was assessed by six replicate analyses of the analytes. The acceptance criterion was + 2% for the percent relative standard deviation (%RSD) of peak area and retention time. The tailing factor was also determined and the results are given in Table I . 
Linearity and sensitivity (LOD and LOQ)
The calibration curves for 4H, T4 and EA were plotted with five different concentrations from 2 to 10 mg/mL. The detector response was linear. The linearity was assessed by calculating the slope, y-intercepts and coefficient of correlation (r 2 ) using a least squares regression equation. The detailed descriptions of regression curves are shown in Table II , which shows good linearity (r 2 ¼ 0.999) for all three analytes in the examined concentration range. The LOD and LOQ of this method were determined as a signal-to-noise ratio of 3 for LOD and 10 for LOQ. Six replicate injections of the solution gave an RSD of peak area 1.07%. The LODs were found to be 1.51, 0.70 and 0.22 mg/mL, whereas LOQ were found to be 5.06, 2.33 and 0.73 mg/mL for EA, T4 and 4H, respectively.
Selectivity
The selectivity of the method was determined by analysis of standard compounds and samples. The peaks of 4H, T4 and EA were identified by comparing their retention times in a UV spectrum with those of the standards. The matching UV spectra were 0.9994, 0.9995 and 0.9998, respectively. Spiking of selected samples with the standard compounds was also used to confirm peak identity.
Precision and accuracy
The intra-day and inter-day precision and accuracy determination of bioactive constituents (4H, T4 and EA) are given in Table III . The %RSD values for intra-day precision were 0.556 -1.006, 0.415 -1.324 and 0.586-0.987% for EA, T4 and 4H, respectively, and inter-day precisions were 0.334-1.496, 0.134 -1.556 and 1.346-1.730%, respectively. The low values of %RSD ( 1.73%) reflect the high precision of the method. The recoveries for intra-day accuracy were 99.3-103.0, 99.6 -101.5 and 96.6 -104.6%, respectively, and those for inter-day accuracy were 98.0 -99.6, 99.2 -101.3 and 99.0 -104.0%, respectively for EA, T4 and 4H. All percentage recoveries were within 96.6 -104.6%, indicating the good accuracy of the method.
Recovery
The three different concentrations diluted from the stock solution were added to an extract with a known content of EA, T4 and 4H and the recovery of the respective constituents was calculated. The recovery (R) was calculated as R ¼ (C found -C sample )/C added , where C found is the concentration in the spiked sample, C sample is the concentration in the sample before spiking and C added is the concentration of added standard. The results of recovery tests were acceptable as the average recoveries of EA, T4 and 4H were 99.8, 100.46 and 100.41%, respectively (Table III) .
Robustness
To evaluate the robustness of the method, the influence of small and deliberate variations of analytical parameters on retention time and peak area of test compounds was studied. The parameters that were taken into consideration were mobile phase composition, flow rate and temperature. Only one parameter was changed at a time, while the others were kept constant. The %RSDs of retention time and peak area counts were calculated for each parameter and were found to be in agreement with the methods (Table IV) .
Method applications
The five samples of A. baccifera were collected from Lucknow, Faizabad, Gonda, Barabanki and Sitapur districts of Uttar Pradesh, India in such a way that the distance among these places was not less than 60 kilometers. These samples were quantified for the bioactive constituents (4H, T4 and EA) by the developed and validated method. The results showed that all three bioactive markers were present in all leaf samples, but the leaf sample collected from Faizabad showed a maximum amount of marker compounds 4H and T4, while the leaf sample collected from Lucknow showed a maximum amount of EA. On the other hand, all of the root samples showed an absence of EA, but the root sample collected from Faizabad showed a maximum amount of marker compounds 4H and T4 (Table V) .
Conclusion
Owing to the bioactive potential, 4H, T4 and EA were selected as chemical markers of A. baccifera. In this study, a simple, gradient RP-HPLC -UV method was developed and validated for the simultaneous determination of individual bioactive molecules in the leaf and root extracts of A. baccifera. The experimental conditions, including the mobile phase composition, column temperature and flow rate, were optimized to provide high resolution and reproducible peaks. A flow rate of 0.6 mL/ min was found to be appropriate for shortening the run time without compromising the peak resolution. A column temperature of 258C was required to obtain reproducible peaks, while a higher temperature caused poor peak resolution. The developed and validated method is suitable for the simultaneous determination of individual bioactive molecules in A. baccifera leaf and root extracts with excellent precision, accuracy and linearity. The gradient method is simple, rapid, easy and reproducible, and may be used for routine analysis of these bioactive molecules (4H, T4 and EA) in the extracts and formulations of A. baccifera. 
